Switzerland; phone ++ 41 41 462 97 94; fax ++ 41 41 462 97 10; irene.keller@vogelwarte.ch 3 ABSTRACT Eukaryote nuclear ribosomal DNA (rDNA) typically exhibits strong concerted evolution: a pattern in which several hundred rDNA sequences within any one species show little or no genetic diversity, whereas the sequences of different species diverge. We report a markedly different pattern in the genome of the grasshopper Podisma pedestris. Single individuals contain several highly divergent ribosomal DNA groups. Analysis of the magnitude of divergence indicates that these groups have coexisted in the Podisma lineage for at least 11 million years. There are two putatively functional groups, each estimated to be at least four million years old and several pseudogene groups, many of which are transcribed. Southern hybridization and real-time PCR experiments show that only one of the putatively functional types occurs at high copy number. However, this group is scarcely amplified under standard PCR conditions, which means that phylogenetic inference based on standard PCR would be severely distorted. The analysis suggests that concerted evolution has been remarkably ineffective in P. pedestris. We propose that this outcome may be related to the species' exceptionally large genome and the associated low rate of deletion per base pair which may allow pseudogenes to persist. 4
INTRODUCTION
The molecular evolution of ribosomal DNA (rDNA) differs fundamentally from that of single-copy genes. Individual rDNA copies do not evolve independently from each other but are homogenized horizontally, so that little differentiation is typically observed between rDNA sequences within a tandem array of any one species. Conversely, differences do accumulate between species. This pattern is referred to as concerted evolution and may involve a number of molecular processes such as unequal crossing over and gene conversion (ELDER and TURNER 1995; GRAUR and LI 2000) . For phylogenetic applications in particular, it has often been assumed that concerted evolution has essentially eliminated withinindividual rDNA variation. However, an increasing number of studies indicate that, in many taxa, the rate of homogenization may be too low to prevent significant levels of intraspecific rDNA polymorphisms. Often, this variation is restricted to the non-coding rDNA regions such as the internal transcribed spacers (ITS1 & ITS2) or the intergenic spacer (IGS), which separates the transcribed units (COPENHAVER and PIKAARD 1996; CREASE 1995; DENDUANGBORIPANT and CRONK 2000; FENTON et al. 1998; GERNANDT and LISTON 1999; HARRIS and CRANDALL 2000; HUGALL et al. 1999; O'DONNELL and CIGELNIK 1997; PARKIN and BUTLIN 2004; WHANG et al. 2002) . However, there are also numerous reports of rDNA pseudogenes where the coding regions are freed from functional constraints (BUCKLER et al. 1997; HARTMANN et al. 2001; MÁRQUEZ et al. 2003; MAYOL and ROSSELLO 2001; MUIR et al. 2001; RAZAFIMANDIMBISON et al. 2004; RUGGIERO and PROCACCINI 2004) .
Substantial differentiation within individuals, corresponding to several million years of divergence, has been found in plants. These large differences, however, may be attributed to divergence which has accumulated in different species and has then been brought together by hybridization (HARTMANN et al. 2001; LIM et al. 2000; MUIR et al. 2001) . The rDNA of hybrids can diverge rapidly from either parent within two or three generations (KOVARIK et al. 2004) . For this reason, and because of the divergence between different rDNA arrays and pseudogenes, some authorities consider rDNA to be a poor choice for phylogenetic analysis (ÁLVAREZ and WENDEL 2003) . Nevertheless, rDNA sequences are still extensively used in a wide range of taxa: a citation search detects over 3,000 papers since 2000.
More important than these concerns are the dynamics of sequence homogenization and translocation, which are of evolutionary interest in themselves. There is some evidence that the chromosomal location of rDNA arrays is particularly labile in the Orthoptera, with loci differing in number and genomic location in different populations of the same species (CABRERO et al. 2003; FLANAGAN et al. 1999) . In the grasshopper Podisma pedestris, there is additional interest in the rDNA because evidence from restriction digests shows strong linkage disequilibrium between a particular rDNA variant and a chromosomal fusion (DALLAS et al. 1988) which cannot be explained by close physical proximity to the main rDNA locus (BELLA et al. 1991) . This disequilibrium hints at the possibility of selection maintaining the association. Further, P. pedestris has an exceptionally large genome of 18,000
Mb (WESTERMAN et al. 1987 ) which may be a direct consequence of the low relative rate of DNA loss observed in this species. Bensasson et al. (2001) have shown that, in P. pedestris, pseudogenes are likely to be slowly eroded by substitutions, whereas in species with high rates of DNA loss (e.g. Drosophila) they will not persist long enough for much genetic divergence to accumulate.
In this study, we surveyed cloned DNA to characterize variation in the ITS1 of the rDNA genic region within and between individuals of P. pedestris. To characterize the diversity within the genome, we have compared the sequences obtained from genomic DNA by standard PCR and high-stringency PCR, and from ribosomal RNA by reverse transcription
PCR (RT-PCR). Pseudogenes have been distinguished from putatively functional sequences
by DNA sequence analysis and timings estimated for the date of separation of different lineages. We assess different possible explanations for and implications of the extraordinarily deep divergence that we detect between the different lineages.
MATERIALS AND METHODS

Study species and sample collection:
The grasshopper species Podisma pedestris (Orthoptera, Acrididae, Melanoplinae) has a boreal and subalpine distribution. The species includes two races which are called "fused" (or neo-XY) and "unfused" (or XO) respectively due to differences in their X chromosomes (JOHN and HEWITT 1970) . The two races meet and interbreed along a narrow zone which runs from east to west following the ridges of the Alpes Maritimes in southern France (BARTON and HEWITT 1981) . This hybrid zone is likely to have existed at its present location for more than 8000 years (NICHOLS and HEWITT 1986 Our study was divided into two main parts. First, the general diversity of rDNA was characterized by cloning and sequencing of PCR products (Part 1). Based on these results, we developed assays to investigate the frequency of specific rDNA variants (Part 2).
The rDNA diversity in P. pedestris DNA extraction and PCR: DNA was extracted from muscle tissue of one or both hind legs using either a high salt extraction method (ALJANABI and MARTINEZ 1997) or a Qiagen DNeasy Tissue Kit according to the manufacturer's instructions. ITS1 was PCR amplified using the primers 18S(f) (5'-CCTTTGTACACACCGCCCGT) and ITS6(r) (5'-GTTCATGTGTCCTGCAGTTCAC) which target the coding regions flanking ITS1 (SHARPE et al. 2000) . The resulting PCR product was approximately 650 bp in length and included 119 bp from the 3' end of the 18S coding region and all of ITS1. PCR amplifications were carried out in volumes of 25 µl using a PTC-220 DNA Engine Dyad TM Peltier Thermal Cycler (MJ Research). Each reaction contained approximately 5-10 ng of genomic DNA, 3 mM MgCl 2 , 0.12 mM of each dNTP, 12.5 pmol of each primer, 0.25 units of BIOTAQ DNA Polymerase (Bioline) and the associated NH 4 buffer at 1x concentration. An initial denaturation step of 5 min at 95° was followed by 35 cycles of amplification (30 s at 94°, 30 s at 62°, 1 min at 72°) and a final elongation step of 10 min at 72°.
The diversity of ITS1 was studied in particular detail in two individuals, one from the fused (individual BL1) and one from the unfused race (individual CM1). Several steps were taken to avoid problems that may arise in PCR surveys of multigene families such as rDNA.
PCR can give misleading results due to the preferential amplification of certain target sequences and/or the formation of PCR artefacts. The impact of stochastic events can be reduced by stopping the PCR at an early stage and pooling several independent amplifications before further analysis (KANAGAWA 2003; WAGNER et al. 1994) . For the cloning and sequencing of rDNA in individuals BL1 and CM1, we combined the PCR products of four independent reactions each of which had included only 29 cycles of amplification. There may also be a systematic bias in the efficiency with which different target sequences are amplified.
For example, it has been shown that non-functional rDNA copies (i.e. pseudogenes) may be favored under standard PCR conditions (BUCKLER et al. 1997) . For this reason, PCR was also performed under highly denaturing reaction conditions by adding 5% dimethyl sulfoxide (DMSO). This approach has been found to enhance the amplification of functional rDNA copies, possibly because they have high secondary structure stability (BUCKLER et al. 1997) .
Similarly, the primers and stringent conditions used to obtain the outgroup sequences had been specifically developed to only amplify putatively functional sequences in Orthoptera. The strategy was successful in Podisma since it recovered group 1 sequence (see below; Fig. 2 ). It is notable that, as in Podisma, the genic region of the outgroup sequences is identical to that of mouse (with the exception of Melanoplus sp., which was therefore treated separately in the analysis). This sequence conservation suggests strong selective constraints consistent with functionality.
RNA extraction and reverse transcription PCR (RT-PCR): For individuals BL1
and CM1 we also studied ITS1 variation in RNA to investigate which copies are actually Cloning and sequencing: Before cloning, 20µl of PCR product was run on a 1.5% agarose gel, the band was excised and purified using a QIAquick Gel Extraction Kit (Qiagen).
The PCR fragments were then ligated into a pGEM-T Easy vector (Promega) overnight. 2µl
of the ligation reaction were used to transform JM109 High Efficiency Competent Cells (Promega) according to the manufacturer's recommendations. Individual positive clones were then used as a template for PCR amplification of ITS1 with the primers and conditions described above. The PCR products were cleaned and sequenced on an ABI 3700 sequencer. Characteristics of the molecular data: Prior to phylogenetic reconstruction, the homogeneity of base frequencies across taxa was evaluated with a chi-square goodness-of-fit test using PAUP*4.0b10 (SWOFFORD 2002) because compositional bias among sequences can interfere with tree topology (PEREIRA et al. 2002) . We included all sites and variable sites only in order to assess the potentially confounding effects of invariant sites (WADDELL et al. 1999) . The parameters allowed to vary in model-fitting (e.g. base composition, substitution rates, and rate heterogeneity across sites) were estimated under the most likely model of evolution suggested by the Akaike information criterion (AIC; AKAIKE 1974) in Modeltest 3.0 (POSADA and CRANDALL 1998).
Maximum parsimony (MP):
Heuristic searches were implemented in PAUP*4.0b10 (SWOFFORD 2002) under the MP criteria with the accelerated transformation (ACCTRAN) option to optimize the state of unordered (Fitch) characters, 100 random sequence addition replicates, the tree bisection-reconnection (TBR) branch-swapping, and gaps treated as a fifth character. Unweighted MP (uMP) methods do not always take full advantage of the information contained in DNA sequences due to the presence of homoplasious characters. To deal with this problem, a weighted parsimony (wMP) analysis was also conducted using the rescaled consistency index (RCI) on an initial tree in successive approximations of character weighting (FARRIS 1969) .
Maximum likelihood (ML):
The ML search was conducted using PAUP*4.0b10 as follows: We first evaluated the model of DNA substitution that best fit our data partition, using the Akaike information criterion in Modeltest 3.0 (POSADA and CRANDALL 1998).
Then, we calculated the ML model parameters using the data partition of interest and a neighbor-joining (NJ) topology. These estimated values were fixed, and a full heuristic ML search was conducted with 10 random addition sequence replicates, retaining all minimal trees, and TBR branch swapping. After this first ML search was completed, we re-estimated model parameters on the ML tree and used these new values to search again. We repeated this process until the new search found the same topology as the previous search and all parameter estimates were identical. pseudoreplicates for MP, using full heuristic searches with 30 random addition sequence replicates, TBR branch swapping and one tree held at each step during stepwise addition (DEBRY and OLMSTEAD 2000) . Posterior probabilities (PPs) for individual nodes were estimated in a Bayesian MCMC framework with the runs executed as above. Nodes with nBT values >65% and PPs >75% were shown as resolved (HILLIS and BULL 1993; JORDAN et al. 2003) .
Molecular dating:
A likelihood ratio test (FELSENSTEIN 1981; GOLDMAN 1993a; GOLDMAN 1993b; YANG and ROBERTS 1995) showed that the data did not conform to the model of a constant molecular clock (LRT=283, P = 0, 85 df). We therefore implemented
Yoder and Yang's local clock method (YODER and YANG 2000) . We made use of the GTR+Γ option (general time reversible option plus gamma-distributed rate variation) with local clocks implemented in PAML v3.13 (YANG 1997) . Each branch was assigned to a rate-category after inspection of the branch-lengths in fig. 2 and separate rates (R1-R3) estimated for each. The branches in each of the three categories are identified in fig. 2 : R1 applies to the branches in blue, R2 to those in red and R3 to the remainder.
We used 3 alternative calibrations of the molecular clock, to crosscheck the timings estimated from the genetic divergence. Each calibration was based on a date that had previously been proposed for a particular node on the phylogeny: (1) In each case, the date required by PAML's maximum likelihood dating procedure was taken at the mid-point of the above ranges. 
Frequency of specific variants
Restriction digests: Based on the results of the sequencing it was possible to identify restriction enzymes that were expected to cut only one particular group of sequences. AvaII (G^GWCC) is expected to cut group 1 sequences (see below) into two fragments of ca. 150 and 500bp. AvaII restriction sites are also present in three other sequences. However, digestion of these sequences is expected to produce fragments of a different length. The restriction enzyme AlwNI (CAGNNN^CTG) is expected to cut only sequences belonging to group 2 and produce two fragments of ca. 400 and 250bp. There are no AlwNI recognition sites in any non-group 2 sequences.
To investigate the within-individual frequency of the different sequence variants in more detail, DNA from all P. pedestris individuals used for sequencing (except PPD1; table 1) was analyzed by restriction digestion. PCR was carried out as described above for individuals BL1 and CM1 using both standard and highly denaturing reaction conditions. 25µl
of PCR reaction were incubated with 10 units of AvaII or AlwNI (New England Biolabs) at 37° for 18 hours. The restriction fragments were then separated on a 1.5% agarose gel.
Southern hybridization: Southern blot analyses were performed to estimate the relative frequency of group 1 sequences in the genome of P. pedestris. 3-5 µ g of genomic DNA from seven different individuals was digested to completion with AvaII. The digested DNA was ethanol precipitated and resuspended in 25 µ l TE buffer before electrophoresis through a 1.2% agarose minigel for ca. 8 hours. The DNA fragments were then blotted onto a nylon membrane (Hybond-N+, Amersham Biosciences) following the protocol of Sambrook et al. (1989) . As a probe, ITS1 was amplified as described above and ca. 100 ng of purified PCR product was labelled with 32 P-CTP using Ready-To-Go DNA labelling beads (Amersham Biosciences) according to the manufacturer's instructions. Prehybridization and hybridization of the membranes was carried out at 42° in solutions containing 50%
formamide, 6x SSC, 5x Denhardt's reagent (prehybridization solution only), 0.5% SDS and 100 µ g/ml denatured, fragmented salmon sperm DNA. After overnight hybridization, membranes were washed in large volumes of 2x SSC and 0.5% SDS twice for 5 min., in 2x SSC and 0.1% SDS for 15 min. and in 0.1x SSC and 0.5% SDS for 30 min at room temperature and again for 30 min at 65°. They were then exposed to a storage phosphor screen for 1-2 hours, and the results analysed on a Typhoon 9200 scanner (Amersham Biosciences).
Based on published grasshopper sequences it was possible to predict the lengths of AvaII restriction fragments ( fig. 1a ). Unmethylated group 1 sequences are expected to produce two bands at ca. 1.35kb and 0.15kb, while all other rDNA variants should give one band at ca. 1.5kb. In methylated DNA, restriction sites 2 and 4 could be blocked, resulting in just one fragment of ca. 1.9kb ( fig. 1a ).
Quantitative PCR (qPCR) with allele-specific primers: Quantitative PCR was used to estimate the relative frequency of the main groups of rDNA sequence. Primers specific for group 1 and group 2 respectively were designed based on the sequencing results. We selected positions that were diagnostic of one particular group, i.e. where all sequences in that group shared a nucleotide that was not present in any of the other sequences. Both the forward and reverse primers were designed to end on such a diagnostic base and show a perfect match only to the target sequence and a 3' mismatch to all others. The group 1 specific forward and reverse primers were 5'-GCTCCTCTCAAAACTAACGCAC and 5'-CAGAATAYATACAGGCGGGACC, and the group 2 specific forward and reverse primers 5'-CGTGTCGCGCATTTGACAG and 5'-CGAAGCTCGCAGAATACATCT. To monitor the specificity of the primers, clones with known inserts (either group 1 or group 2) were used as PCR templates. Further, we sequenced PCR products to confirm allele-specific amplification from genomic DNA.
Since total rDNA content is thought to vary considerably between individuals (as cycles of 10s at 94°, 30s at a primer specific annealing temperature (T A ), 30s at 72° followed by a data acquisition step, and a final elongation of 5 min at 72°. The annealing temperatures for the different primer pairs were as follows: 18S: T A = 57°; group 1 specific: T A = 60°; group 2 specific: T A = 56°.
For each sample, the qPCR software determined the number of cycles, C(t), after which the fluorescence intensity crossed a threshold that was set at five standard deviations above the baseline fluorescence. From these C(t) values, the initial template concentration was estimated by comparing the samples to a serial dilution of a standard included in each run. As this standard, we used 16 different dilutions (in a 2-fold dilution series) of PCR products obtained from clones containing either a group 1 or a group 2 insert. These 16 dilutions spanned the template concentrations typically observed for genomic samples. Both series were included in runs with the 18S primers. Based on data from 12 individuals from both races, we estimated the average copy number of group 1 and group 2 sequences relative to the number of conserved 18S sequences.
Direct sequencing:
To further investigate the genomic frequency of the different rDNA variants, DNA extractions from two individuals were sequenced directly without a preceding PCR step. 18S(f) was used as a sequencing primer. The electrophoretogram was analysed for evidence of multiple peaks at the sites of SNPs that distinguish the variants.
RESULTS
High levels of intraspecific variability:
The ITS1 sequences obtained from P.
pedestris revealed a remarkable level of intraspecific variation with an average pairwise difference of 7.7% (s. d. = 3.8%). Only two cDNA sequences from individual BL1 were identified as potential recombinants by MaxChi, while RDP did not find any evidence of recombination (data not shown). Fig. 2 shows a maximum likelihood tree based on ITS1, including sequences from eight related species.
The P. pedestris sequences form eight principal clusters that are well supported in all trees ( fig. 2, table 3 ). Clusters 1 and 2 have no more than one difference in the last 58 bp of 18S genic DNA from the conserved sequence found in Drosophila, Chorthippus and Mus.
They were therefore identified as putatively functional. The other six groups (3-8) are identified as pseudogenes because they contain multiple differences in this highly conserved region. Most of these substitutions are shared by several sequences within the group. The three different methods for obtaining sequences recovered different proportions from each category (table 2) . Standard PCR and cDNA analysis recovered a high frequency of pseudogenes as well as members of the putatively functional groups 1 and 2. The frequencies obtained by these two methods were not significantly different (χ 2 -test, P=0.14). In contrast, PCR with DMSO recovered almost exclusively putatively functional group 1 sequences, in a significantly higher proportion than the other methods (χ 2 -test, P<0.001).
Different rDNA variants have coexisted in the P. pedestris genome for more than 10 million years: The age of the different nodes was estimated using the three distinct calibration points, all of which gave comparable results ( fig. 2, table 3 ). We find that the most recent common ancestor between some of the most divergent rDNA groups is likely to have existed between 10 and 20 million years ago in the Miocene (nodes 94 and 95, table 3). This includes the split between the two putatively functional groups 1 and 2 (see previous section).
All of the eight well supported groups ( fig. 2 ) are likely to have been evolving independently since at least the late Miocene, with the most recent split 6.6 to 12.6 million years agobetween groups 2 and 3 (node 105). Lineages within both groups 1 and 2 have been diverging for at least 3.7 million years (nodes 96 and 107).
One putatively functional group occurs in much higher copy number than the other: The results of the southern blots indicate that unmethylated group 1 sequences are found at a relatively high copy number but may not be the most common rDNA type. Digests with AvaII always resulted in three bands of ca. 1.3kb, 1.5kb and 1.9kb ( fig. 1b) . The middle band at 1.5kb was always the brightest, followed by the band at 1.9kb and finally the band at 1.3kb. The intensity of the two weaker bands was generally very similar and amounted to 34 to 57% of the intensity of the brightest band. In two of the seven individuals there were three additional, very weak bands at ca. 1kb, 0.75kb and 0.4kb attributable to further restriction sites. The size of the three bright bands corresponds to that predicted from published sequences ( fig. 1a) . Band 3 at 1.9kb would be produced from methylated DNA and band 2 at 1.5kb from sequences lacking the ITS1 site, while band 1 at 1.3kb would result from digests of group 1 sequences ( fig. 1b) . The expected 0.17kb fragment from group 1 sequences was not detected, most probably because of its short overlap with the probe. Our interpretation is, therefore, that non-methylated group 1 sequences (band 1) are common, but make up less than half the total rDNA. This provides a lower boundary for the genomic frequency of group 1.
The true frequency might be underestimated considerably if bands 2 and 3 contain a high proportion of methylated group 1 sequences.
The qPCR experiments show that group 1 does make up the majority (88%, s.e. 7%) of rDNA units with relatively well-conserved 18S (i.e. functional rDNA and young pseudogenes), whereas group 2 sequences are very rare, accounting for less that 1%. For all the standard calibration series, we observed an almost perfect linear relationship between C(t)
values and the log of the initial copy number (R 2 ≥ 0.99 in all cases). This result indicates that the initial copy numbers of the three different targets could indeed be estimated reliably for the genomic samples by qPCR.
The results of the direct sequencing of genomic DNA further supported the high frequency of group 1 sequences among the sequences with a conserved 18S. Without the initial PCR step, which has been shown to selectively amplify some variants (see below), the electrophoretogram traces were interpretable for only short runs (<200 bp). These were, however, sufficient to show that all SNP loci were unambiguously of the group 1 type, with no detectable evidence of the alternative nucleotides found in the other rDNA groups.
PCR conditions strongly influence the amplification efficiency of different rDNA variants:
The investigation of the sequences amplified under different PCR conditions confirmed that group 1 sequences are the most common product under the denaturing PCR conditions produced by DMSO. In each of the 14 individuals, AvaII digestion produced a very strong double band corresponding to the expected group 1 products, with only a very faint undigested band indicating other groups. There was no visible digestion by the group 2-specific enzyme, AlwNI -in agreement with the qPCR results suggesting that group 2 is relatively rare.
PCR under standard conditions resulted in a significantly different and very variable composition, corresponding to the diversity of sequences that had previously been cloned.
Group 2-specific bands were now detectable in all 14 individuals, whereas the proportion of group 1 sequences was generally lower and varied widely between individuals. In fact, group 1 sequences were completely undetectable in individuals from population BL, even though they were clearly present in the sequences amplified by PCR with DMSO.
DISCUSSION
Intragenomic rDNA diversity: We have detected eight distinct groups of ITS1 sequences in
Podisma pedestris individuals. Phylogenetic analysis indicates that they have been evolving independently for more than 11 million years. Mutations at 18S sites that are otherwise perfectly conserved between disparate species provide convincing evidence that six of the Podisma groups consist of pseudogenes, whilst two might be functional (groups 1 and 2).
Southern blots indicate that the genomic frequency of pseudogenes is possibly higher than that of functional units. One of the putatively functional variants (group 1) also occurs at high copy number and is clearly the most frequent among sequences with a relatively wellconserved 18S coding region. Interestingly, this common functional variant is scarcely amplified at all under standard PCR conditions. Group 2, on the other hand, occurs at very low copy numbers and therefore seems unlikely to have much functional significance.
Even within group 1, some of the lineages have been diverging for at least 3.7 million years. This result is in contrast to the expectation that functional arrays would be particularly prone to homogenization through concerted evolution (Kovarik et al 2004) . What could explain a low rate of homogenisation in Podisma? Several studies strongly suggest that concerted evolution is much more potent for sequences on the same chromosome than for loci on different chromosomes (COPENHAVER and PIKAARD 1996; PARKIN and BUTLIN 2004; POLANCO et al. 1998; SCHLÖTTERER and TAUTZ 1994) . The results of fluorescent in situ hybridization (FISH) indeed show that multiple rDNA loci are present in P. pedestris. From two to seven loci, have been detected, fused populations generally having two to three, whereas unfused populations vary from one population to another, usually having more (P.
Veltsos, unpublished data). However, the sequencing results detected many more haplotypes than there are loci, implying that individual arrays must have more than one haplotype and indicating low rates of concerted evolution even at the intrachromosomal level. Individual CM1, for example, has six different rDNA loci but a minimum of 14 different haplotypes from group 1 alone ( fig. 2) . Furthermore, the different sequence variants persist in the P.
pedestris genome for millions of years, while the number and chromosomal location of the arrays changes extraordinarily rapidly. Populations BL and CM, for example, have no rDNA loci in common but are remarkably similar at the sequence level ( fig. 2 ).
This inefficiency of concerted evolution could be associated with the exceptionally large genome of P. pedestris (WESTERMAN et al. 1987 ), a genome that is 100 times larger than that of Drosophila melanogaster (HARTL 2000) . There are extensive heterochromatic blocks (BELLA et al. 1991) and restriction digests ( fig. 1b) show evidence of methylation, unlike Drosophila. Methylated sequences and DNA condensation, possibly associated with heterochromatinization, have been implicated in markedly reducing rates of concerted evolution (LIM et al. 2000) .
It is possible that there is a causal link between genome size and the abundance of rDNA pseudogenes in this species. It has been demonstrated that the relative rate of DNA loss (per kb of sequence) is significantly lower in P. pedestris than in model organisms such as
Drosophila melanogaster or Caenorhabditis elegans with their compact genomes (PETROV et al. 1996; ROBERTSON 2000; BENSASSON et al. 2001) . Pseudogenes in these small genomes are being removed rapidly relative to mutation (PETROV 2001) , so that little genetic divergence accumulates over their lifetime before they are eroded away by deletion. The Drosophila genome, in particular, is characterized by a remarkable paucity of pseudogenes (HARRISON et al. 2003) . In Podisma, by contrast, the rate of removal is five hundred times lower than in Drosophila, and only 5% of the point substitution rate (BENSASSON et al. 2001) , which would help explain why the pseudogenes have accumulated such remarkable divergence.
It is, at first sight, surprising that the cDNA sequences obtained from transcribed rRNA include many potential pseudogenes. However, pseudogenes can still be transcribed provided that their transcriptional control elements remain functional. Expressed pseudogenes have indeed been documented (HIROTSUNE et al. 2003; MIGHELL et al. 2000; YAMADA et al. 2003) . It follows that transcription is not an indicator of functionality (BAILEY et al. 2003) .
Pseudogene transcripts can actually be more abundant than RNA from functional paralogues (FUJII et al. 1999) . It is possible that the pool of standing rRNA in the cell has a disproportionately high frequency of pseudogenes. ITS1 is included in the primary transcript and is excised during the processing of the precursor rRNA ( VAN NUES et al. 1995) . If this process is less efficient for pseudogene transcripts they could persist in the cell and hence be the more frequent template for our RT-PCR. One particular attribute of the cDNA sequences which could interfere with efficient splicing is that three quarters of them contain deletions in the ITS1. Our observation of very deeply diverged pseudogenes in cDNA indicates that at least some of these copies are accessible to the nucleus's transcriptional machinery, although not necessarily within active nucleoli.
Methodological issues associated with the study of multigene families: Our study illustrates PCR drift and a particularly severe case of bias (table 2) which can affect surveys of multigene families (KANAGAWA 2003; WAGNER et al. 1994) . The results obtained under standard reaction conditions appear to provide a particularly inaccurate estimate of the actual genomic frequencies of different sequence variants. Group 2 sequences, for example, seem to be preferentially amplified and are consistently present in standard PCR products even though their genomic frequency is very low (as demonstrated by three approaches: qPCR, the direct sequencing and digestion of PCR products). The most highly repeated functional group, group 1, on the other hand, is often not amplified at all under standard PCR conditions. Fenton et al.
(1998) and Hartmann et al. (2001) also found that particular rDNA types were readily amplified by PCR even though southern blots showed that their genomic frequency was very low.
The addition of DMSO to the reaction dramatically alters the frequency of the different sequence variants in the pool of PCR products. Group 1 sequences consistently predominate while group 2 becomes undetectable in the restriction digests. Buckler et al. (1997) have suggested that DMSO may facilitate the amplification of sequences with a more stable secondary structure. At first glance, this would seem consistent with our results, since the ITS1 of group 1 units tend to have higher predicted secondary-structure stability than the other variants (data not shown). However, a follow-up experiment indicated that PCR efficiency was little affected by these sequence differences. Using standard conditions, we amplified mixtures containing varying proportions of group 1 and group 2 clones. In contrast to the results from the genomic DNA extracts, group 1 sequences were clearly detectable in restriction digests of the PCR product whenever they were present in the template mixture.
Further, more group 1 sequences were recovered from the genomic DNA extracts when the annealing temperature was increased to 68°, consistent with the proposal that the effect of the DMSO had been to increase stringency.
Using the hybrid zone to date the dynamics of the rDNA loci: The biogeography of the Alps indicates that the hybrid zone must be around 10 000 years old, and that the initial separation of the chromosomal races occurred at least 100 000 years ago and possibly several times that (BARTON and HEWITT 1981) . The existence of the different rDNA haplotypes on both sides of the zone is therefore consistent with our much older estimates for their age of origin. Even though Dallas et al. (1988) found very strong linkage disequilibrium between the presence of a particular IGS restriction site and the chromosomal fusion in one locality, they did not find the association elsewhere. One possible mechanism that could both make and break such associations is the movement of the rDNA variants around the genome. This process does indeed seem to be occurring, as reflected in the differing number and location of rDNA loci on either side of the zone, and indeed between populations on the same side of the zone. It follows then, that the ancient rDNA lineages within Podisma are persisting despite this substantial intra-chromosomal mobility occurring since they arose.
SUPPLEMENTAL DATA
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